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(57) ABSTRACT

A magnetic resonance imaging apparatus includes a collec-
tion unit that applies a uniform static magnetic field to a
subject and also applies a radio-frequency magnetic field and
a gradient magnetic field to the subject 1n accordance with a
predetermined pulse sequence to collect a magnetic reso-
nance signal from the subject, an imaging unit that images the
subject based on the magnetic resonance signal collected by
the collection unit, a detection unit that detects a respiratory
level of the subject, an informing unit that informs the subject
of whether the detected respiratory level falls within an allow-
able range, and a unit that controls the collection unit and the
imaging unit in such a manner that the magnetic resonance
signal for imaging 1s collected and the subject is imaged based
on the thus collected magnetic resonance signal for imaging
when the detected respiratory level falls within the allowable
range.
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MAGNETIC RESONANCE IMAGING
APPARATUS AND CONTROL METHOD
THEREOF

CROSS-REFERENCE TO RELAT
APPLICATIONS

s
w

This 1s a division of copending application Ser. No. 12/149,
587 filed May 5, 2008, which 1s based upon and claims the

benelit of priornity from prior Japanese Patent Applications
No. 2007-1227737 filed May 7, 2007, and No. 2008-018232

filed Jan. 29, 2008, the entire contents of all of which are
incorporated herein by reference.
This application i1s also related to copending application

Ser. No. 12/579,500 filed Oct. 15, 2009, and Ser. No. 13/010,
042 filed Jan. 20, 2011.

BACKGROUND

1. Field

The present invention relates to a magnetic resonance
imaging apparatus that obtains an image of a subject based on
a nuclear magnetic resonance (NMR ) signal emitted from the

subject, and a control method thereof.

2. Related Art

To 1mage a coronary artery based on the magnetic reso-
nance 1mage (MRI) method, a method of using a three-di-
mensional (3D) steady-state free precession (SSFP) sequence
to perform 1maging in a breath-holding state or a voluntary
breathing state 1s used. In case of whole heart MR coronary
angiography (WH MRCA) where a course of a coronary
artery of an entire heart 1s 1maged in particular, holding a
breath may lead to an insufficient spatial resolution 1n some
cases.

As a countermeasure, there 1s used a real-time motion
correction (RMC) method of detecting a position of, e.g., a
diaphragm based on an nuclear magnetic resonance (NMR)
signal under voluntary breathing to perform 1maging while
monitoring a respiratory level and changing an imaging posi-
tion in accordance with this respiratory level.

However, a variable amount of the position that enables
accurate 1maging 1s restricted more or less, there 1s adopted a
method of providing a fixed threshold value with respect to a
movement range obtained by respiration and pausing collec-
tion of the NMR signal for imaging when the movement 1s
large beyond this threshold value. That 1s, for example, a
position of the diaphragm in a body axis direction can be
detected from a signal (which will be referred to as a monitor
signal) obtained by subjecting an NMR signal collected 1n
relation to such a region R as shown in FIG. 1 to one-dimen-
sional Fourier transformation. Since the position of the dia-
phragm 1n the body axis direction cyclically moves up and
down 1n accordance with respiration, plotting the cyclically
detected positions of the diaphragm 1n time-series enables
obtaining such a monitor signal as depicted 1n FIG. 2 that 1s
synchronized with a respiratory motion. When a peak of this
monitor signal 1s out of an allowable range between an upper
threshold value USL and a lower threshold value LSL as
shown 1n FIG. 2, imaging 1s not performed or collected data 1s
not used. When the monitor signal falls within the allowable
range, data collection 1s carried out. Further, imaging 1s
cifected while changing an 1maging position 1n accordance
with the respiratory motion.

Performing the operation in this manner enables excel-
lently obtaining a 3D image having a resolution that 1s high
even under voluntary breathing.
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However, when the respiratory level 1s not fixed and gradu-
ally lowered or gradually increased and a portion of the signal
obtained by subjecting the NMR signal to one-dimensional
Fourier transformation that corresponds to a position of the
diaphragm deviates from the allowable range as shown 1n,
¢.g., FIG. 3, animaging time may become long or, in the worst
case, an examination may not be terminated.

Therefore, as shown 1n, e.g., FIG. 4, a method of using a
belt-like fixture, which 1s a so-called abdominal belt 500, to
fix an abdominal 1s used. This abdominal belt 500 enables
obtaining a respiratory motion suppressing eflect to some
extent.

However, even if the abdominal belt 500 1s used to fix the
abdominal, the respiratory motion cannot be completely sup-
pressed, and the respiratory level may fluctuate to prolong an
examination time in long-time 1imaging. Furthermore, when
fixing strength of the abdominal belt 500 1s increased to
reduce the respiratory motion, a burden on a subject may be
enlarged. When the examination i1s prolonged, the subject
may start moving because of discomiort caused by fixing.
Moreover, when the subject has a large body, even the
abdominal belt cannot be used.

On the other hand, there 1s a mult1 breath-holding method
of repeating breath-holding rather than voluntary breathing
for a plurality of times to image three-dimensional data.

As shown 1n FIG. 5, in the mult1 breath-holding method,
collection of data concerning one slab S1 including an entire
heart 1s intermittently performed in synchronization with
repetitive breath-holding performed by a subject. In addition,
there 1s a method that additionally uses RMC 1n the multi
breath-holding method and 1n which collection of data 1s
performed only when a monitor signal 1s within an allowable
range. However, 1t 1s difficult for the subject to correctly
understand his or her own respiratory level. Even if the sub-
ject believes that he/she 1s uniformly holding breath, the
respiratory level fluctuates in breath-holding states. There-
fore, when RMC 1s additionally used, a monitor signal may
not fall within an allowable range even though the subject 1s
holding breath, as shown 1n FIG. 6. In such a case, data 1s not
collected even though the subject 1s holding breath, which
imposes a load on the subject. It should be noted that the
inadequate breath-holding state lengthens a period where
data cannot be collected, and efficiency for data collection
may be lowered, resulting 1n a long examination time. Addi-
tionally, when an 1imaging time 1s long, 1t 1s often the case that
the subject gets tired of having to repeatedly hold his or her
breath, the respiratory level 1n the breath-holding state fluc-
tuates further, and an examination cannot be terminated in the
worst case. In the mult1 breath-holding state that does not
additionally use RMC, the data on a number of slabs 1is
acquired 1n the state of different breath-holding positions. As
a result, reconstructed 1mages may be discontinuous at the
boundary between the slabs.

On the other hand, as shown 1n FIG. 7, there 1s considered
a multi-slab method of dividing a region including an entire
heart into a plurality of slabs S1 to S4 and individually col-
lecting data from each of slabs S1 to S4. To this case as well,
either the simple multi breath-holding method or the multi
breath-holding method that additionally uses RMC 1s appli-
cable. FIG. 8 illustrates the case where the multi breath-
holding method that additionally uses RMC 1s applied, and an
allowable range 1s changed 1n accordance with each slab.
Since 1n this case the allowable range differs depending upon
the slabs, a fault 1s mevitably produced 1n each slab 11 the
collected data 1s used for reconstruction without any correc-
tion. A similar fault 1s produced 1n the case where the simple
multi breath-holding method 1s applied. The multi-slab
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method has the following problems. In the case of the multi
breath-holding method that additionally uses RMC, the

breath-holding positions vary, and the collection of data can-
not be performed efliciently, as in the above. In the case of the
simple multi breath-holding method, the breath-holding posi-
tions vary each time, and blurring of each slab inevitably
OCCUrs.

As explained above, according to the voluntary breathing
method, a fluctuation 1n the respiratory level and the long-
term variation of the respiratory level degrade an efficiency of
data collection based on a navigator echo method.

Further, when a combination of the multi breath-holding
method and the single slab method 1s applied, blurring occurs
due to each-time variation of the breath-holding position.

Where the mult1 breath-holding method and the multi-slab
method are applied 1n combination, the breath-holding posi-
tion varies each time data i1s collected from one i1maging
region. However, the allowable range changes in accordance
therewith, data 1s collected from different positions. There-
fore, there 1s an inconvenience that a registration error 1s
produced 1n a finally obtained 3D image and discontinuity of
data occurs 1n this 3D 1image. Thus, to reduce such disconti-
nuity, the respective slabs must be positioned 1n, e.g., image
processing. However, since data positions included in the
respective slabs are different from each other during data
collection, appropriate positioning 1s difficult.

It 1s to be noted that relevant technologies are known from,
e.g., JP-A 2000-041970 (KOKAI), JP-A 2000-157507 (KO-

KAT), or JP-A 2004-057226.

SUMMARY

Under the circumstances, appropriately giving aid so that
the subject can readily adapt his/her respiratory level to the
allowable range has been demanded.

Further, suppressing occurrence of a registration error or
blurring 1n each slab has been also demanded.

According to a first aspect of the present invention, there 1s
provided a magnetic resonance 1maging apparatus compris-
ing: a collection unit that applies a uniform static magnetic
field to a subject and also applies a radio-frequency magnetic
field and a gradient magnetic field to the subject in accordance
with a predetermined pulse sequence to collect a magnetic
resonance signal from the subject; an 1maging unit that
images the subject based on the magnetic resonance signal
collected by the collection unit; a detection unit that detects a
respiratory level ol the subject; an informing unit that informs
the subject of whether the detected respiratory level falls
within an allowable range; and a unit that controls the collec-
tion umit and the imaging unit in such a manner that the
magnetic resonance signal for imaging 1s collected and the
subject 1s 1maged based on the thus collected magnetic reso-
nance signal for imaging when the detected respiratory level
falls within the allowable range.

According to a second aspect of the present invention, there
1s provided a magnetic resonance imaging apparatus coms-
prising: a collection unit that applies a uniform static mag-
netic field to a subject and also applies a radio-frequency
magnetic field and a gradient magnetic field to the subject in
accordance with a predetermined pulse sequence to individu-
ally collect each magnetic resonance signal from the subject
in relation to each of a plurality of slabs; an 1imaging unit that
images an imaging region containing the plurality of slabs
based on the collected magnetic resonance signals; a unit that
detects a respiratory level of the subject; a unit that controls
the collection unit to collect the magnetic resonance signal
when the detected respiratory level falls within an allowable
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range that 1s set with respect to each of the plurality of slabs;
and a unit that sets the single allowable range that 1s applied in

common to each of the plurality of slabs based on the respi-
ratory level detected betfore the collection 1n relation to the
first slab 1n the plurality of slabs begins.

According to a third aspect of the present invention, there 1s
provided a display apparatus that 1s used with a magnetic
resonance imaging apparatus that visualizes a subject based
on a magnetic resonance signal collected from the subject
when a respiratory level of the subject falls within an allow-
able range, comprising: a generation umt that generates an
image indicating whether the respiratory level of the subject
falls within the allowable range; and a display unit that dis-
plays the image to the subject.

According to a fourth aspect of the present invention, there
1s provided a control method of a magnetic resonance 1mag-
ing apparatus, the apparatus comprising: a collection unit that
applies a uniform static magnetic field to a subject and also
applies a radio-frequency magnetic field and a gradient mag-
netic field to the subject in accordance with a predetermined
sequence to collect a magnetic resonance signal from the
subject; and an 1imaging unit that images the subject based on
the magnetic resonance signal collected by the collection
unit, wherein the method comprises: informing the subject of
whether the detected respiratory levels falls within the allow-
able range; and controlling the collection unit and the 1mag-
ing unit to collect the magnetic resonance signal and visualize
the subject based on the thus collected magnetic resonance
signal when the detected respiratory level falls within the
allowable range.

According to a fifth aspect of the present invention, there 1s
provided a control method of a magnetic resonance imaging
apparatus, the apparatus comprising: a collection unit that
applies a uniform static magnetic field to a subject and also
applies a radio-frequency magnetic field and a gradient mag-
netic field to the subject 1n accordance with a predetermined
sequence to individually collect each magnetic resonance
signal from the subject 1n relation to each of a plurality of
slabs; and an 1maging unit that visualizes an 1maging region
containing the plurality of slabs based on the collected mag-
netic resonance signal, wherein the method comprises:
detecting a respiratory level of the subject; controlling the
collection unit to collect the magnetic resonance signal when
the detected respiratory level falls within an allowable range
that 1s set with respect to each of the plurality of slabs; and
setting the single allowable range that 1s applied 1n common
to each of the plurality of slabs based on the respiratory level
detected before the collection with respect to the first slab 1n
the plurality of slabs begins.

Additional objects and advantages of the invention will be
set forth 1n the description that follows, and 1n part will be
obvious from the description, or may be learned by practice of
the mvention. The objects and advantages of the invention
may be realized and obtained by means of the instrumentali-
ties and combinations particularly pointed out hereinatter.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated 1n
and constitute a part of the specification, illustrate embodi-
ments of the invention, and together with the general descrip-
tion given above and the detailed description of the embodi-
ments given below, serve to explain the principles of the
invention.

FIG. 1 1s a view for explaiming a conventional technology;

FIG. 2 1s a view for explaiming a conventional technology;
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for explaining a conventional technology;
for explaining a conventional technology;
for explaiming a conventional technology;
for explaining a conventional technology;

FI1G. 7 1s a view for explaining a conventional technology; >

FIG. 8 1s a view for explaining a conventional technology;

FIG. 9 1s a view showing a structure of a magnetic reso-
nance imaging apparatus (an MRI apparatus) according to a
first embodiment of the present invention;

FI1G. 10 1s a view showing detailed structures of an image
transmission system and a display system in FIG. 9;

FIG. 11 1s a view showing functions of mirrors in FIG. 10;

FI1G. 12 1s a view showing a setting example of slabs 1n the
first embodiment;:

FIG. 13 1s a view showing a setting example of an allow-
able range 1n the first embodiment;

FIG. 14 1s a view showing an example of a sequence
concerning collection of an NMR signal;

FIG. 15 15 a view showing a modified structural example of
the display system 1n FIG. 9;

FI1G. 16 1s a view showing a modified structural example of
the display system 1n FIG. 9;

FIG. 17 1s a view showing modified structural examples of
the image transmission system and the display system 1n FIG.
9.

FIG. 18 1s a view showing an example of an 1image repro-
duction state 1n an LED array in FIG. 10 obtained by one-
dimensionally aligning LEDs;

FIG. 19 1s a view showing an example of an 1mage repro-
duction state in the LED array in FIG. 10 obtained by two-
dimensionally aligning the LEDs;

FI1G. 20 1s a view showing an example of a structure of an
optical cable group having an end portion functioning as a
visualization unit section 1n FI1G. 17;

FI1G. 21 1s a view showing a specific structural example of
the visualization unit in FIG. 17;

FI1G. 22 1s a view showing a fiber scope that can be used in
place of the optical cable group 1n FIG. 17;

FI1G. 23 15 a view showing a specific structural example of
the visualization unit in FIG. 17;

FIG. 24 1s a view showing an arrangement example of the
visualization unit depicted in FIG. 23;

FI1G. 25 1s a view showing an arrangement example when a 45
semitransparent optical cable array 1s used as the visualiza-
tion unit in FIG. 17;

FI1G. 26 1s a view showing a modified structural example of
the visualization unit:;

FI1G. 27 1s a view showing modified structural example of 50
the image transmission system and the display system 1n FIG.
9.

FI1G. 28 1s a view showing modified structural examples of
the 1image transmission system and the display system 1n FIG.
9.

FI1G. 29 15 a view showing a modified structural example of
a display device in FIG. 10;

FIG. 30 1s a view showing a relationship between a change
in an actual respiratory level and a monitored respiratory
level;

FIG. 31 1s a view sowing a structure of a magnetic reso-
nance i1maging apparatus according to each of second to
fourth embodiments of the present invention;

FI1G. 32 1s a view showing an example of a first image 1n the
second embodiment;

FI1G. 33 1s a view showing an example of a second image in
the second embodiment:

FIG. 3 1s a view
FIG. 4 1s a view
FIG. 5 1s a view
FIG. 6 1s a view
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FIG. 34 1s a view showing a delay of a first respiratory level
with respect to a second respiratory level in the second

embodiment;

FIG. 35 15 a view showing an example of a display image
immediately before the first respiratory level 1s newly
detected 1n the second embodiment;

FIG. 36 1s a view showing an example of a display image
immediately after the first respiratory level 1s newly detected
in the second embodiment;

FIG. 37 1s a view showing a sequence when WH MRCA 1s
performed 1n the third embodiment;

FIG. 38 1s a view showing an example of a display 1image 1n
the third embodiment;

FIG. 39 1s a view showing an example of a respiratory level
detection state 1n the fourth embodiment; and

FIG. 40 15 a view showing an example of a display image
generated at each time point 1 FIG. 39.

DETAILED DESCRIPTION

Embodiments according to the present invention will now
be explained heremaiter with reference to the accompanying,
drawings.

(First Embodiment)

FIG. 9 shows the configuration of a magnetic resonance
imaging (MRI) apparatus, generally indicated at 100, accord-
ing to a first embodiment. The MRI apparatus 100 includes a
static field magnet 1, a gradient coil 2, a gradient power
supply 3, a bed 4, a bed controller §, a transmission RF co1l 6,
a transmitter 7, a recerving RF co1l 8, arecerver 9, a computer
system 10, an 1mage transmission system 11 and a display
system 12.

The static field magnet 1 1s formed 1n the shape of a hollow
cylinder and adapted to generate a uniform static magnetic
field within 1ts inside shape. As the static field magnet 1 use 1s
made of a permanent magnet, a superconducting magnet, or
the like.

The gradient coil 2 1s formed in the shape of a hollow
cylinder and placed inside the static field magnet 1. The
gradient coil 2 1s a combination of three coils each corre-
sponding to a respective one of the three mutually orthogonal
X, Y and 7 axes. When the three coils are individually sup-
plied with current from the gradient power supply 3, the
gradient coil 2 generates gradient magnetic fields each of
which has 1ts strength varied along a corresponding one of the
X, Y and Z axes. Suppose that the Z-axis direction coincides
with the direction of the static magnetic field. The gradient
magnetic fields 1 the X, Y and Z-axis directions are used as
a slice selecting gradient field Gs, a phase encoding gradient
magnetic field Ge, and a readout gradient magnetic field Gr,
respectively. The slice selecting gradient magnetic field Gs 1s
used to arbitrarily determine an imaging plane section. The
phase encoding gradient magnetic field Ge 1s used to change
the phase of NMR signals according to spatial location. The
readout gradient magnetic field Gr 1s used to change the
frequency of the NMR signals according to spatial location.

A subject 200 under examination 1s laid down on a top
board 4a of the bed 4 and moved to the space of the gradient
coil 2. The top board 4a 1s driven by the bed controller 5 to
move 1n its lengthwise direction and in an up-and-down direc-
tion. Usually, the bed 4 1s installed so that its lengthwise
direction 1s parallel to the central axis of the static field mag-
net 1.

The transmitting RF coil 6 1s placed inside the gradient coil
2 and generates a radio-Irequency magnetic field in response
to application thereto of a radio-frequency pulse from the
transmuitter 7.
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The transmitter 7 has an oscillator, a phase selector, a
frequency converter, an amplitude modulator, a radio-ire-
quency power amplifier, etc., built 1n and transmits radio-
frequency pulses corresponding to Larmor frequency to the
transmitting RF coil 6. 5

The receiving RF coil 8 1s placed mside the gradient coil 2
and adapted to recerve NMR signals emitted from the subject
under examination subjected to the radio-frequency magnetic
field. The output signal from the recerving RF coil 8 1s applied
to the receiver 9. 10

The recerver 9 produces NMR signal data on the basis of
the output signal of the recerving RF coil 8.

The computer system 10 includes an interface unit 10a, a
data collection unit 105, a reconstruction unit 10c, a memory
unit 104, a display unit 10e, an mmput unit 10/, and a main 15
controller 10g.

The interface unit 10a 1s connected to the gradient power
supply 3, the bed controller 5, the transmitter 7, the receiving
RF coil 8, and the receiver 9 and allows signals to be trans-
terred between each of these components and the computer 20
system 10.

The data collection unit 105 collects via the interface unit
10a digital signals output from the receiver 9 and then stores
the collected digital signals, 1.e., the NMR signal data, into the
memory unit 104, 25

The reconstruction unit 10c performs post-processing, 1.€.,
reconstruction, such as Fourier transforms, on NMR signals
data stored 1n the storage unit 104 to obtain spectrum data of
desired nuclear spins within the subject 200 or 1mage data.

The memory unit 104 stores NMR signal data and spec- 30
trum data or image data for each subject.

The display umit 10e displays a variety of information, such
as spectrum data, image data, etc., under the control of the
main controller 10g. As the display unit 10e there 1s available
a display device, such as a liquid crystal display. 35

The input unit 10/ recerves a variety of commands and
information inputs from an operator. As the input unit 10/
there 1s available a pointing device, such as a mouse or track-
ball, a selection device, such as a mode changeover switch, or
an iput device, such as akeyboard. Further, the input unit 101 40
accepts a specification from the operator of an excitation slice
or an excitation slice or an excitation slab including an 1imag-
ing region of, e.g., an entire heart or a target part such as a
diaphragm.

The main controller 10g has a non-illustrated CPU, a 45
memory, and others, and collectively controls the MRI appa-
ratus 100. Furthermore, the main controller 10g generates an
image signal ol an image indicating whether a respiratory
level falls within the allowable range. This image signal 1is,
¢.g., an NTSC (national television system committee) signal. 50

The 1mage transmission system 11 optically transmits the
image signal generated by the main controller 10a.

The display system 12 displays an image based on the
image signal so that a subject 200 set in an 1imaging state can
visually recognize the image. 55

FIG. 10 1s a view showing detailed structures of the image
transmission system 11 and the display system 12. It 1s to be
noted that like reference numerals denote parts equal to those
in FIG. 9, thereby omitting a detailed explanation thereof.

The 1image transmission system 11 includes an electric- 60
optical signal converter 11a, an optical cable (an optical fiber
cable) 115, and an optical-electrical signal converter 11c. The
display system 12 includes a display device 12a and a mirror
125b.

Reference number 20 1n FIG. 10 denotes a gantry. The 65
gantry 20 accommodates the static field magnet 1, the gradi-
ent coil unit 2, and the transmission RF coil 6. The gantry 20

8

has a substantially cylindrical imaging space 20a having a
central axis matching with a cylindrical central axis defined
by the static field magnet 1 therein, and openings 205 and 20c¢
from which this imaging space 20a 1s opened to the outside of
the gantry 20 are formed at both ends of the imaging space.
The bed 4 1s arranged on the side of the one opening 205 1n
close proximity to the gantry 20. Furthermore, the bed 4
supplies the top board 4a from the opening 206 into the
imaging space 20aq. Therefore, the opening 2056 will be
referred to as a bed-side opening 205 and the opening 20¢ will
be referred to as a contra-bed-side opening 20¢ hereinaiter.

The gantry 20 and the bed 4 are arranged 1n a magnetically
shielded room R1. The computer system 10 1s arranged 1n an
operation room R2 different from the shielded room R1.

The electric-optical signal converter 11q 1s arranged out-
side the shielded room R1, 1.e., 1n the operation room R2 1n
this example. The electric-optical signal converter 11a con-
verts an 1mage signal output as an electrical signal from the
interface unit 10a into an optical signal.

The optical cable 115 transmits an 1image signal output as
the optical signal from the electric-optical signal converter
11a to the optical-electric signal converter 11c.

The optical-electric signal converter 11e 1s arranged 1n the
shielded room R1. The optical-electric signal converter 11e
converts an 1mage signal transmitted as the optical signal
through the optical cable 115 into an electrical signal.

Thus, the 1mage transmission system 11 transmits the
image signal as the optical signal to the shielded room R1.

The display device 12a 1s arranged 1n the shielded room
R1.Thedisplay device 12a displays an image indicated by the
image signal output as the electric signal from the optical-
clectric signal converter 11c. The display device 12a 1s
arranged on the contra-bed-side opening 20¢ side 1in a posture
that a display plane thereof becomes substantially orthogonal
to the central axis of the imaging space 20q and also faces the
imaging space 20a. As the display device 12a, a known dis-
play device, e.g., a liquid crystal monitor can be utilized.
However, the display device 12a includes, e.g., an electro-
magnetic shield to prevent noise produced therein from leak-
ing into the shielded room R1.

The mirror 125 1s arranged 1n the 1maging space 20a. The
mirror 125 reflects an 1image displayed in the display device
12a as shown 1n FIG. 11 so that the subject 200 lying down on
the top board 4a and carried into the 1maging space 20a can
visually recognize the image displayed 1n the display device
12a without changing his/her posture.

An operation of the thus configured MRI apparatus 100

will now be explained.
In this MRI apparatus 100, at the time of WH MRCA, data

collection 1s carried out based on a multi-slab/multi breath-
holding method. That 1s, for example, as shown 1n FIG. 12, a
region including an entire heart 1s divided into a plurality of
slabs S1 to S4, and data collection 1s individually performed
in each of these slabs S1 to S4. Furthermore, like the conven-
tional technology, this data collection 1s executed when a
level of a monitor signal obtained by subjecting an NMR
signal acquired from a periphery of a diaphragm or a liver to
one-dimensional Fourier transformation falls within an
allowable range between an upper threshold value USL and a
lower threshold value LSL.

However, 1n the first embodiment, as shown 1n FI1G. 13, the
main controller 10g applies the upper threshold value USL
and the lower threshold value LSL determined based on a
respiratory level of the subject 200 betfore data collection in
the first slab S1 to all of the slabs S1 to S4 without change. As
to settings of the upper threshold value USL and the lower
threshold value LSL, the subject 200 1s urged to naturally
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breathe for several times before scanning 1n order to statisti-
cally obtain, e.g., a mode value of the respiratory level, and
the threshold values can be set so that a preset allowable
margin (e.g., 5 mm) can be acquired with the mode value as a
reference (at the center). The upper threshold value USL and
the lower threshold value LSL may be set by an operator or
may be automatically set under control of the main controller
10g. At this time, the respiratory level of the subject 200 may
be judged by using the NMR signal or a signal of a respiratory
synchronizer (e.g., a bellows).

FIG. 14 1s a view showing an example of a sequence
concerning collection of the NMR signal.

This 1imaging method 1s usually carried out with electro-
cardiographic synchronization. Furthermore, after a fixed
delay time passes from an R wave, a motion probing pulse
(MPP) 1s collected as the NMR signal to obtain the monitor
signal. This collection of the MPP 1s carried out without
applying a phase encoding gradient magnetic field Ge. More-
over, after collecting the MPP, data collection for imaging 1s
performed. In this data collection for imaging, the phase
encoding gradient magnetic field Ge 1s applied.

On the other hand, during execution of WH MRCA 1n such
a conformation, the main controller 10g generates an 1mage
indicating whether the respiratory level of the subject 200
talls within the allowable range. The image 1s, e.g., such an
image as depicted 1n FIG. 13 showing the monitor signal, the
upper threshold value USL, and the lower threshold value
LSL. The main controller 10g displays this image in the
C 1splay unit 10e to allow an operator to confirm. Additionally,
the main controller 10g supplies an 1image signal indicating
the image to the electric-optical signal converter 11a through
the interface unit 10a. This image signal 1s converted into an
optical signal by the electric-optical signal converter 11a to
be transmitted through the optical cable 115, and led into the
shielded room R1. Further, the image signal 1s again con-
verted 1nto an electric signal by the optical-electric signal
converter 11¢ 1n the shielded room R1 to be supplied to the
display device 12a. Thus, the display device 12q displays the
image indicated by this image signal. The image displayed in
the display device 12a 1s reflected by the mirror 1256 to be
visually recognized by the subject 200.

Therelfore, the subject 200 can confirm whether his/her
respiratory level at the present time falls within the allowable
range by confirming reflection of the image 1n the mirror 125.
Furthermore, the subject 200 can hold breathing 1n a state
where his/her respiratory level falls within the allowable
range.

Thus, 1n the MRI apparatus 100, data collection can be
assuredly performed every time the subject 200 holds breath-
ing, thereby improving an efficiency of data collection. More-
over, since data collected every time breathing 1s held can be
obtained 1n a respiratory state 1n the fixed allowable range 1n
cach of the plurality of slabs, a 3D 1mage finally obtained
based on data collected with respect to each of the plurality of
slabs 1s a high-quality image with less registration error or
blurring.

Additionally, 1n the MRI apparatus 100, the image signal
generated outside the shielded room R1 1s led mto the
shielded room R1 as the optical signal. As a result, noise and
others from the shielded room R1 can be prevented from
alfecting collection of the NMR signal.

(Second to Fourth Embodiments)

Meanwhile, 1n the first embodiment, collection of the
NMR signal for acquisition of positional information 1s per-
tormed only once per heart rate. That 1s, the respiratory level
1s monitored only once or twice per respiration as shown 1n
FIG. 30, the subject may not recognize a change in respiration
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even 11 the subject 1s informed of the monitored respiratory
level alone. That 1s, an interval of updating information
acquired 1n the above-explained cycle may be too long as an
interval of updating information required to control the res-
piratory level. In other words, a feedback time constant in
respiratory level control 1s long.

Under such circumstances, 1t can be considered that adjust-
ment of the respiratory level by the subject based on the
monitored respiratory level 1s similar to a case where the
teedback time constant 1n automatic control 1s long, and
under-control or over-control may possibly occur.

Thus, second to fourth embodiments that avoid such an
inconvenience will now be explained hereinaftter.

FIG. 31 1s a view showing a structure of a magnetic reso-
nance imaging apparatus (an MRI apparatus) 300 according
to each of the second to fourth embodiments. It 1s to be noted
that, in FIG. 31, like reference numbers denote parts equal to
those 1 FIG. 9, thereby omitting a detailed explanation
thereof.

The MRI apparatus 300 includes a static field magnet 1, a
gradient coil unit 2, a gradient power supply 3, abed 4, a bed
controller 5, a transmitting RF coil 6, a transmitter 7, a receiv-
ing RF coil 8, a recetver 9, a computer system 10, an image
transmission system 1, a display system 12, and a respiratory
synchronization sensor 13.

That 1s, the MRI apparatus 300 includes the respiratory
synchronization sensor 13 in addition to the respective ele-
ments included 1n the MRI apparatus 100.

The respiratory synchronization sensor 13 1s disposed to an
abdominal of a subject 200 to detect a respiratory level of the

subject 200 based on a physical movement of the abdominal
of the subject 200.

(Second Embodiment)

A main controller 10g 1n the second embodiment includes
a plurality of functions mentioned below. It 1s to be noted that
the plurality of functions can be realized by allowing a pro-
cessor included in the main controller 10g to execute a pro-
gram.

As one of the functions, each relevant section 1s controlled
to enable a data collection unit 105 to obtain an NMR signal
required to detect a respiratory level of the subject 200 (which
will be referred to as a monitoring NMR signal hereinatter).
As one of the functions, the respiratory level of the subject
200 1s detected based on the monitoring NMR signal acquired
by the data collection unit 105. As one of the functions, each
relevant section 1s controlled to enable the data collection unit
105 to collect an NMR si1gnal required to reconstruct an image
(which will be referred to as a reconstruction NMR signal
hereinafter) when the respiratory level detected based on the
monitoring NMR signal falls within an allowable range. As
one of the functions, a display image obtained by combining
a respiratory wavetorm representing a change in the respira-
tory level detected by the respiratory synchronization sensor
13 with an 1image indicating the respiratory level detected
based on the monitoring NMR signal 1s generated. It 1s to be
noted that the respiratory level detected based on the moni-
toring NMR signal will be referred to as a first respiratory
level and the respiratory level detected by the respiratory
synchronization sensor 13 will be referred to as a second
respiratory level hereinatter.

In this MRI apparatus 300 according to the second embodi-
ment, WH MRCA 1s executed based on a known sequence.
During such WH MRCA, the main controller 10g generates a
display 1mage that informs the subject 200 of whether the
respiratory level of the subject 200 falls within the allowable
range as follows. It 1s to be noted that, n WH MRCA, the

monitoring NMR signal 1s acquired. The monitoring NMR
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signal 1s an NMR signal collected from an excitation slice or
an excitation slab including a target part such as a diaphragm.
The monitoring NMR signal can be acquired without apply-
ing, €.g., a phase encoding gradient magnetic field. As the
monitoring NMR signal, an MPP can be used like the first
embodiment, for example.

The main controller 10g acquires the second respiratory
level detected by the respiratory synchronization sensor 13 at
a rate that 1s sullicient to reproduce a respiratory wavetorm. It
1s to be noted that the respiratory synchronization sensor 13
can continuously detect the respiratory level in an actual time
by using, e.g., a bellows.

The main controller 10g detects the first respiratory level
once per heart rate in control for WH MRCA. The main
controller 10g generates such a first image as shown in FIG.
32 in which each first respiratory level acquired in a recent
fixed period 1s arranged on a plane defined by a time axis and
a respiratory level axis.

On the other hand, the main controller 10g generates such
a second 1mage as shown 1n FI1G. 33 representing a respiratory
wavelorm in the period based on the second respiratory level
acquired 1n the fixed period.

Further, the main controller 10g generates a display image
as an 1mage obtained by combining the first image with the
second 1image. At this time, the main controller 10g normal-
1zes respective amplitude scales (a maximum value and a
mimmum value of each amplitude) of the first respiratory
level and the second respiratory level to be combined with
cach other.

The main controller 10g updates the display 1image every
time the second respiratory level 1s acquired. Thus, the dis-
play image 1s an 1image 1n which the respiratory wavelorm
scrolls with elapse of time.

Meanwhile, since the monitoring NMR signal 1s acquired
and the first respiratory level 1s obtained based on this moni-
toring NMR signal, detection of the first respiratory level
requires a slight amount of time. Therefore, detection of the
first respiratory level has actual time properties lower than
those of detection of the second respiratory level. Therelore,
as shown 1n FIG. 34, the first respiratory level has a fixed
delay with respect to the second respiratory level. Thus, the
main controller 10g combines the first image with the second
image to correct this delay.

That 1s, 1t 1s assumed that a display image immediately
betore the first respiratory level 1s newly detected 1s as shown
in FIG. 35. Furthermore, when updating the display image
alter the first respiratory level 1s newly detected, the display
image 1s updated in such a manner that the newly detected
respiratory level 1s not displayed as information at the present
time but 1t 1s displayed as information at a time point reached
by traveling back 1n time by an amount corresponding to the
delay as shown 1n FIG. 36.

The thus generated display image 1s transmitted to the
display system 12 through the interface unmit 10q and the
image transmission system 11, and this display system 12
displays this display image so that the subject 200 can visu-
ally recognmize.

As explained above, according to the second embodiment,
in the display image, the first respiratory level detected based
on the monitoring NMR signal and the second respiratory
level detected based on the respiratory synchronization sen-
sor 13 are simultaneously shown. Therefore, the subject 200
canrecognize a state ol a change in the respiratory level based
on the respiratory wavetform 1in this display image and an
accurate respiratory level based on display of the second
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respiratory level. As a result, the subject 200 can accurately
grasp an actual state of respiration, thereby appropnately
adjusting respiration.

(Third Embodiment)

In the third embodiment, a main controller 10g includes a
plurality of functions mentioned below. It 1s to be noted that
the plurality of functions can be realized by allowing a pro-
cessor included 1n the main controller 10g to execute a pro-
gram.

As one of the functions, relevant respective sections are
controlled so that a data collection unit 105 can acquire a
monitoring NMR signal. As one of the functions, a first res-
piratory level 1s detected based on the monitoring NMR sig-
nal. As one of the functions, relevant respective sections are
controlled so that the data collection umt 105 can collect a
reconstruction NMR signal when the respiratory level
detected based on the monitoring NMR signal falls within an
allowable range. As one of the functions, relevant respective
sections are controlled so that the data collection unit 105 can
acquire an NMR signal that 1s used to detect a respiratory
level for display (which will be referred to as a display NMR
signal hereinafter). As one of the functions, a respiratory level
of a subject 200 (which will be referred to as a second respi-
ratory level hereinafter) 1s detected based on the display NMR
signal. As one of the functions, a display image indicating the

first respiratory level and the second respiratory level 1s gen-
crated.

In the MRI apparatus 300 according to the third embodi-
ment, when executing WH MRCA, the main controller 10g
allows the data collection unit 105 to collect the NMR signal
based on such a sequence as depicted 1n FIG. 37.

In the sequence shown 1n FIG. 37, a plurality of MPPs 1s
collected 1n one heart rate. The plurality of MPPs 1s classified
into a main MPP and a sub-MPP. The main PP 1s collected
immediately before a data collection period 1n an 1maging
region. The sub-MPP 1s collected at a timing different from
that of the main MPP while avoiding the data collection
period. The sub-MPP may be collected either before or after
the main MPP 1n any period excluding the data collection
period 1n the 1maging region. For example, the plurality of
sub-MPPs may be collected before the main MPP. Further,
the plurality of MPPs may be collected at equal intervals
within one heart rate (including not only the sub-MPP but also
the main MPP). In this case, when any one of the plurality of
MPPs set at equal intervals 1s included 1n the data collection
period 1n the imaging region, this MPP 1s not collected.

The main MPP corresponds to the MPP acquired 1n the
sequence depicted 1n FIG. 14, and 1t 1s used as the monitoring,
NMR signal. The sub-MPP 1s added and acquired irrespective
ol the purpose of control of WH MRCA, and 1t 1s used as the
display NMR signal.

Furthermore, the main controller 10g detects the first res-
piratory level for WH MRCA based on the monitoring NMR
signal alone. The main controller 10g detects the second
respiratory level likewise based on the display NMR signal,
though this signal 1s not used for WH MRCA. Moreover, the
main controller 10g generates, e.g., such a display image as
depicted 1n FI1G. 38 in which the first respiratory level and the
second respiratory level acquired 1n a recent fixed period are
respectively arranged on a plane defined by a time axis and a
respiratory level axis.

The thus generated display image 1s transmitted to a dis-
play system 12 through an interface unit 10a and an 1mage
transmission system 11, and this display system 12 displays
this display 1mage 1n a state where the subject 200 can visu-
ally recognize 1t.
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As explained above, according to the third embodiment, 1n
the display image, many respiratory levels respectively
detected 1n a short period are shown 1n time-series. Therelore,
the subject 200 can recognize a state of a change in the
respiratory level from this display image. As a result, the
subject 200 can accurately grasp an actual state of respiration,
thereby approprately adjusting respiration.

(Fourth Embodiment)

In the fourth embodiment, a main controller 10g includes a
plurality of functions mentioned below. It 1s to be noted that
the plurality of functions can be realized by allowing a pro-
cessor included in the main controller 10g to execute a pro-
gram.

As one of the functions, relevant respective sections are
controlled so that a data collection unit 105 can collect a
monitoring NMR signal. As one of the functions, a respira-
tory level of a subject 200 1s detected based on the monitoring
NMR signal. As one of the functions, relevant respective
sections are controlled so that the data collection unit 105 can
collect a reconstruction NMR signal when the respiratory
level detected based on the monitoring NMR signal falls
within an allowable range. As one of the functions, a display
image showing the latest detected respiratory level and a
maximum value of detection levels detected within a prede-
termined period 1s generated.

In the MRI apparatus 300 according to the fourth embodi-
ment, WH MRCA 1s executed in accordance with a known
sequence. During execution of such WH MRCA, the main
controller 10g generates a display image that informs the
subject 200 of whether the respiratory level of the subject 200
talls within the allowable range as follows.

The main controller 10g detects the respiratory level once
per heart rate in control for WH MRCA. The main controller
10g generates a display 1image indicating a detected respira-
tory level every time the respiratory level 1s newly detected.

For example, as shown 1n FIG. 39, the main controller 10g
generates such a display image 1A as depicted 1n FI1G. 40 1n
accordance with detection of such a respiratory level as
depicted 1n FIG. 39 at a time point TA. In the display image
IA, the respiratory level detected at the time point TA 1s
indicated by a black dot.

On the other hand, 1n accordance with detection of such a
respiratory level as depicted in FI1G. 39 at a time point TB, the
main controller 10g generates a display image IB in which the
respiratory level detected at the time point TB 1s indicated by
the black dot as shown 1n FIG. 40. Meanwhile, the detection
level detected at the time point TB 1s lower than the detection
level detected at the time point TA. In such a case, the main
controller 10g 1ndicates the detection level detected at the
time point TA as a recent maximum level 1n the display image
IB. It 1s to be noted that the maximum level 1s indicated as a
dot with hatching 1n FIG. 40.

In accordance with detection of such a respiratory level as
shown 1n FIG. 39 at time point TC, the main controller 10g
generates a display image 1C in which the respiratory level
detected at a time point TC 1s indicated by the black dot as
shown 1n FIG. 40. Since the respiratory level detected at the
time point TC 1s higher than the maximum level obtained thus
far, the maximum level 1s not shown 1n the display image IC.

Thereatfter, display images ID to IF i FIG. 40 are likewise
generated at time points TD to TF 1n FIG. 39, respectively.

In accordance with detection of such a respiratory level as
shown 1n FIG. 39 at a time point TG, the main controller 10g
generates a display image 1G 1n which the respiratory level
detected at the time point TG 1s indicated by the black dot as
depicted 1n F1G. 40. Meanwhile, the maximum level obtained
thus far 1s the respiratory level detected at the time point TC
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but, at the time point TG, a specified time T1 or more elapses
from the time point TC. In such a case, the main controller 10g
cancels the last maximum level, and does not show this level
in a newly generated 1image.

Thereatter, display images IH to 1J 1n FIG. 40 are likewise
generated at time points TH to TT 1n FIG. 39, respectively.

The thus generated display images are transmitted to a
display system 12 through an interface unit 10q and an image
transmission system 11, and this display system 12 sequen-
tially displays these display images in a state where the sub-
ject 200 can visually recognize them.

As explained above, according to the fourth embodiment,
the latest detected respiratory level and a maximum respira-
tory level detected 1n a recent fixed period are shown in the
display image. Therefore, the subject 200 can recognize from
this display image a relationship between the current respi-
ratory level and the recent maximum level. As a result, the
subject 200 can accurately grasp an actual state of respiratory,
thereby appropriately adjusting respiration.

Each of the foregoing embodiments can be modified 1n
many ways as follows.

(1) In each embodiment, the 1mage signal may be gener-
ated by using, e.g., a CCD (charge-coupled device) camera to
image a picture displayed in the display unit 10e.

(2) In each embodiment, as indicated by a broken line in
FIG. 10, the display device 124 may be arranged on the
bed-side opening 205 side 1n a posture that the display plane
thereol becomes substantially orthogonal to the central axis
of the imaging space 20a and faces the 1maging space 20a.
Alternatively, the display device 12a may be arranged on the
bed-side opening 205 side 1n a posture that the display plane
thereol becomes substantially parallel to the central axis of
the 1imaging space 20a. When the display device 12a 1s
arranged 1n the posture that the display plane thereof becomes
substantially parallel to the central axis of the imaging space
20a, the mirror 12¢ reflects an image displayed 1n the display
device 12a toward the mirror 1256. However, when the display
device 12a 1s arranged on the bed-side opening 206 side, a
direction of the mirror 126 1s changed as indicated by a
broken line in FIG. 11. The direction of the mirror 126 may be
fixed or may be vanable.

(3) In each embodiment, a large-screen display (e.g., a
liquid crystal or a plasma) 124 may be used 1n place of the
display device 12a as shown 1n FIG. 15.

(4) In each embodiment, a projector 12¢ may be used in
place of the display device 124 as shown 1n FI1G. 16 to project
an 1mage indicated by the 1mage signal onto a wall of the
shielded room R1. When using the projector 12¢, an image
may be directly projected onto the mirror 125, or the mirror
126 may be omitted to project an 1image onto a wall surface of
the gantry 20 around the imaging space 20a. A plotting device
obtained by combining a laser emitting device and a movable
mirror may be used in place of the display device 12a and the
mirror 125 to plot an image on the wall surface of the gantry
20.

(5) In each embodiment, the display device 12a may be
arranged 1n the imaging space 20a. In this case, the mirror 125
may be omitted to allow the subject 200 to directly visually
observe an 1mage displayed in the display device 12a. Fur-
ther, 1n this case, disposing a liquid crystal sheet or an organic
clectroluminescent (EL) panel on the wall surface of the
gantry 20 around the imaging space 20a can be considered.

(6) In each embodiment, an 1mage generated outside the
shielded room R1 may be led 1nto the shielded room R1 to be
visually observed by the subject 200.

For example, as shown in FI1G. 17, the image transmission
system 11 1s configured to include a light-emitting diode
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(LED) array 114 and an optical cable group (an optical fiber
group) 11e, and the display system 12 1s configured to include
a visualization unit 12/,

The LED array 114 has many LEDs one-dimensionally or
two-dimensionally arranged therein, and reproduces an
image indicated by the image signal. The optical cable group
11e 15 obtained by bundling many optical cables, and trans-
mits the image reproduced by the LED array 114 as it 1s. The
visualization unit 12/ allows the subject to visually observe
the 1mage transmitted through the optical cable group 11e.

FIG. 18 1s a view showing an example of a reproduction
state of an 1mage in the LED array lid having the LEDs
one-dimensionally arranged therein. It 1s to be noted that one
circle in FIG. 18 represents one LED. In FIG. 18, turning on
the LEDs at both ends in a blue color or a vyellow color
represents the upper threshold value USL and the lower
threshold value LSL, and turning one of the five inner LEDs
in a red color represents a current level of a current monitor
signal. When the current level of the monitor signal 1s out of
the allowable range, none of the five inner LEDs 1s turned on.

FIG. 19 1s a view showing an example of a reproduction
state of an 1mage 1 the LED array lid having the LEDs
two-dimensionally arranged therein. It 1s to be noted that one
circle in FIG. 19 represents one LED. In FIG. 19, four LED
strings each having an alignment depicted 1in FIG. 18 are
arranged. A change in level of the momitor signal 1s repre-
sented by using each of the four LED strings like the above
example.

When facets of many optical cables included 1n the optical
cable group 11e are one-dimensionally or two-dimensionally
arranged, the visualization unit 12/ can be configured to visu-
alize an 1mage by using an alignment of lights emitted from
these optical cables.

FI1G. 20 1s a view showing an example of a structure of the
optical cable group 11e having an end portion functioning as
the visualization unit 12/,

Alternatively, the visualization unit 12/ may be arranged 1n
the 1maging space 20aq as shown i FIG. 21 to project an
image onto the wall surface of the gantry 20 on the upper side
of the imaging space 20aq.

Alternatively, such a fiber scope 11f as shown 1n FIG. 22
may be used in place of the optical cable group 11e to guide
an 1mage reproduced by the LED array 11d to eyes of the
subject 200.

Such a semitransparent optical cable array as shown in
FIG. 23 may be used as the visualization unit 12/, and 1t may
be disposed on the wall surface of the gantry 20 on the upper
side of the imaging space 20q as depicted 1n FIG. 24.

The semitransparent optical cable array as the visualization
unit 12/ may be arranged to match an arrangement direction
of the semitransparent optical cable to a circumierential
direction of the wall surface of the gantry around the 1maging
space 20q as depicted 1n FIG. 25.

The visualization unit 12/ may be configured like glasses in
which end portions of the optical cable groups 1le are
arranged 1n lens portions as shown in FIG. 26, and this unit
may be put on a face of the subject 200.

(7) In each embodiment, the 1mage transmission technol-
ogy explained 1n (6) may be used to lead an 1image displayed
in the display unit 10e or an 1mage displayed in the display
device 12a to the imaging space 20a, thereby allowing the
subject 200 to visually observe the image.

In this case, as shown in FIG. 27, an input end of the optical
cable group 11e 1s appressed against the display unit 10e or
the display device 124 to enable incidence of an upper part of
the 1mage displayed in the display umit 10e or the display
device 12a without loss. At this time, using a lens or an
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auxiliary optical guide medium 1s also usetul. Furthermore, a
glass with a lens or a diffusion glass 1s preferable as the
visualization unit 12/,

Moreover, when using the fiber scope 11/ 1n place of the
optical cable group 11e, as shown in FIG. 28, an image
displayed 1n the display unit 10e or the display device 12a 1s
reduced 1n size by a reducing lens 11g to enter the fiber scope
11/, and the image exiting the fiber scope 11/ 1s expanded by
a magnilying lens 11/ to enter the visualization unit 12/,

(8) In each embodiment, the display device 12a may be
configured like glasses having the LED arrays 12g contained
in lens portions as shown in FIG. 29, and this unit may be put
on the face of the subject 200.

(9) In the first embodiment, several respiratory patterns
may be registered as 1deal states in advance, and one of these
patterns may be used as a guide pattern to display an 1mage
that can show this pattern and a measured actual respiratory
pattern in comparison with each other. As a result, the subject
200 can be guided to approximate a respiratory pattern of the
subject 20 to the 1deal pattern. That 1s, a so-called external
guiding method can be appropriately executed. It 1s to be
noted that the guide pattern and the measured pattern may be
displayed 1n different colors. Additionally, an HR (a heart
rate) when the subject 200 1s at rest may be measured in
advance, and a respiratory pattern that enables stably and
rapidly 1s terminating data collection may be selected as a
guide pattern by using this HR as a reference.

(10) In each embodiment, display of an image indicating
whether the respiratory level falls within the allowable range
1s eflective when applied to a situation using a method other
than the multi-slab/multi breath-holding method, 1.e., a vol-
untary breathing method or a single slab/multi breath-holding
method as long as 1t 1s a method of performing data collection
when the respiratory level falls within the allowable range.

(11) In each embodiment, a movement correction method
of tracing an 1maging region of a heart while tracing a move-
ment of a diaphragm may be also used. When this method 1s
used, since a tluctuation 1n the respiratory level 1n the allow-
able range can be corrected by the movement correction
method to highly accurately match positions of multi-slabs, a
registration error or blurring 1n a 3D 1mage can be further
reduced.

(12) In the first embodiment, the 1mage transmission sys-
tem 11 and the display system 12 can be used to inform the
subject 200 of various kinds of information in addition infor-
mation indicating whether the respiratory level falls within
the allowable range.

(13) In each embodiment, the image transmission system
11 may lead the image signal that 1s kept as the electrical
signal into the shielded room R1.

(14) In the second embodiment, normalization or delay
correction does not have to be performed.

(15) In the third embodiment, the number of times of
acquisition of the sub-MPP per heart rate may be an arbitrary
number of times that 1s equal to or above 1.

(16) In the third embodiment, when acquisition of the
sub-MPP 1s performed more than once per heart rate, the
respiratory level judged based on the main MPP does not have
to be included in the display image.

(17) In the fourth embodiment, when the maximum level
and the respiratory level at the present time are displayed 1n
different conformations so that they can be respectively dis-
played even though both the levels coincide with each other,
the subject 200 can further easily understand that the maxi-
mum level and the respiratory level at the present time coin-
cide with each other. This can be realized by a change, e.g.,
showing the maximum level 1n the form of a horizontal line.
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(18) In each embodiment, specific contents of the display
image can be arbitrarily changed.

Additional advantages and modifications will readily
occur to those skilled 1in the art. Therefore, the invention 1n its
broader aspects 1s not limited to the specific details and rep-
resentative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general mventive
concept as defined by the appended claims and their equiva-
lents.

What 1s claimed 1s:

1. A magnetic resonance 1maging apparatus comprising;

an MRI gantry having a static magnetic field generator,

gradient magnetic field generators and at least one radio-
frequency (RF) antenna configured to send RF signals
into an image volume and to receive RF signals from
said 1mage volume and a control system including at
least one computer configured to control the MRI gantry
components;

said control system being configured to apply to a subject
(a) a uniform static magnetic field, (b) a radio-frequency
magnetic field and (c¢) a gradient magnetic field to the
subject 1n accordance with a predetermined pulse
sequence to collect (1) magnetic resonance signals from
the subject within one heart beat interval to reconstruct
images of each of a plurality of slabs using phase encod-
ing magnetic gradient fields,

said control system also being configured to collect from

said subject during said heart beat period (11) a magnetic
resonance signal to monitor subject motion 1n response
to a first motion probing pulse (MPP) subsequence and
(1) at least one magnetic resonance signal to generate a
display to the subject without applying a phase-encod-
ing gradient magnetic field in response to at least one
second MPP subsequence;

said control system being further configured to reconstruct

an 1mage of an imaging region containing the plurality of
slabs using the collected magnetic resonance signals (1)
for reconstruction;

said control system also being configured to detect a first

respiratory level for the subject using the magnetic reso-
nance signal (i11) for monitoring and to detect a second
respiratory level for the subject using the at least one
magnetic resonance signal (111) for display;

said control system being configured to control the recon-

struction of an 1image of the subject using the magnetic
resonance signals (1) for reconstruction collected when
the detected first respiratory level falls within an allow-
able range that 1s set with respect to each of the plurality
of slabs; and

said control system being configured to set a single allow-

able range that 1s applied to each of the plurality of slabs
using respiratory levels detected before the collection of
magnetic resonance signals for a first slab in the plurality
of slabs to be imaged begins.

2. The magnetic resonance 1maging apparatus according to
claim 1, wherein said control system 1s further configured to
inform the subject whether the detected respiratory level talls
within the allowable range using the second respiratory level
determined by said collected at least one magnetic resonance
signal (111) for display.

3. The magnetic resonance imaging apparatus according to
claim 1, wherein said control system 1s configured to correct
the magnetic resonance signals (1) for reconstruction to
reduce an 1ntluence of a fluctuation in the respiratory level.

4. The magnetic resonance imaging apparatus according to
claim 2, wherein the control system comprises:
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display-related components which are disposed in a second
room different from a magnetically shielded first room
where magnetic signal collection components are dis-
posed and which display-related components are con-
figured to generate an image indicating whether the
detected second respiratory level falls within the allow-
able range;

transmission components configured to optically transmit

the 1mage from the second room to the first room; and

a display which 1s disposed 1n the first room and configured

to display the image transmitted through the transmis-
sion components to the subject.

5. The magnetic resonance imaging apparatus according to
claim 4, wherein:

the display-related components are configured to generate

image mnformation,

the transmission components are configured to transmit the

image mnformation by using an optical signal, and

the display 1s configured to reproduce and display the

image based on the 1mage information.

6. The magnetic resonance imaging apparatus according to
claim 4, wherein:

the display-related components are configured to generate

the 1mage as a visible light 1mage,

the transmission components are configured to transmit the

visible light image, and

the display 1s configured to project the visible light image

to eyes of the subject.
7. A method for controlling a magnetic resonance imaging,
(MRI) apparatus configured to apply a uniform static mag-
netic field to a subject and to apply to the subject a radio-
frequency magnetic field and a gradient magnetic field 1n
accordance with a predetermined sequence to collect from the
subject within one heart beat interval magnetic resonance
signals (1) to reconstruct an 1image of each of a plurality of
slabs and a magnetic resonance signal (i1) to monitor subject
motion 1n response to a first motion probing pulse (MPP)
subsequence and at least one magnetic resonance signal (111)
to display subject motion to the subject in response to at least
one second MPP subsequence; and configured to visualize an
imaging region containing the plurality of slabs using the
collected magnetic resonance signals (1) for reconstruction,
the method comprising:
detecting a first respiratory level of the subject using said
magnetic resonance signal (11) for monitoring;

controlling the MRI apparatus to collect the magnetic reso-
nance signals (1) for reconstruction when the detected
first respiratory level falls within an allowable range that
1s set with respect to each of the plurality of slabs; and

setting a single allowable range that 1s applied to each of the
plurality of slabs using respiratory levels detected before
the collection of magnetic resonance signals (1) for
reconstruction of a first slab 1n the plurality of slabs to be
imaged begins.

8. The method of claim 7, further comprising;

detecting a second respiratory level using said at least one

magnetic resonance signal (111) for display; and
displaying said second respiratory level to said subject with
respect to said allowable range.

9. A magnetic resonance 1maging (MRI) apparatus com-
prising:

an MRI gantry having a static magnetic field generator,

gradient magnetic field generators and at least one radio-
frequency (RF) antenna configured to send RF signals
into an 1mage volume and to receive RF signals from
said 1mage volume;




US 8,781,553 B2

19

an RF signal transmitter and an RF signal recerver coupled
to said at least one RF antenna;

a visual display viewable by a patient; and

a computer system connected to control said gradient mag-
netic field generators, said RF signal transmitter and said

RF receiver to collect from the patient within one heart
beat interval

(a) magnetic resonance signals (1) to reconstruct at least
one slab from patient anatomy located within said
image volume using phase encoding magnetic gradi-
ent fields, and

(b) a magnetic resonance signal (2) to monitor patient
motion 1n response to a first motion probing pulse
(MPP) subsequence and at least one magnetic reso-
nance signal (3) to display patient motion to the
patient in response to at least one second MPP subse-
quence, without using phase encoding magnetic gra-
dient fields:

wherein said computer system 1s configured with at least
one executable computer program elfective, when
executed by at least one processor:

(1) to detect (A) a first respiratory level using said mag-
netic resonance signal (2) for monitoring, and (B) a
second respiratory level from said at least one mag-
netic resonance signal (3) for display,

(11) to generate a visual display to be viewed by said
patient using said second respiratory level, and

(111) to collect said magnetic resonance signals (1) for
reconstruction of a plurality of slabs only when said
first respiratory level 1s within a single acceptable
range having upper and lower limits set using respi-
ratory levels detected before collection of magnetic
resonance signals (1) for reconstruction begins for the
first slab to be 1maged of said plurality of slabs.

10. The magnetic resonance 1imaging apparatus according

to claim 9, turther comprising a display configured to inform
the subject whether the detected second respiratory level falls
within the allowable range including visual depiction of said
upper and lower limits.
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11. The magnetic resonance 1maging apparatus according
to claim 9, wherein said computer system 1s further config-
ured to correct the collected magnetic resonance signals (1)
for reconstruction to reduce an influence of a fluctuation in the
respiratory level.

12. The magnetic resonance 1maging apparatus according
to claim 11, wherein the display comprises:

first components which are disposed 1n a second room
different from a magnetically shielded first room where
other components used to collect the magnetic reso-
nance signals are disposed and which first components
are configured to generate an 1mage indicating whether
the detected second respiratory level falls within the
allowable range;

second components configured to optically transmit the
image from the second room to the first room; and

a display screen which 1s disposed 1n the first room and
configured to display the transmitted 1image to the sub-
ject.

13. The magnetic resonance 1maging apparatus according
to claim 12, wherein:

the first components are configured to generate i1mage
information,

the second components are configured to transmit the
image information by using an optical signal, and

the display screen 1s configured to reproduce and display
the 1mage based on the 1mage mnformation.

14. The magnetic resonance 1maging apparatus according
to claim 12, wherein:

the first components are configured to generate the image
as a visible light image,

the second components are configured to transmit the vis-
ible light image, and

the display screen 1s configured to project the visible light
image to eyes of the subject.
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